Acoustic Seagliders can be positioned precisely using GPS at the surface, but are underwater and unable to utilize GPS for up to 9 hours at a time as they dive to depths of up to 1000 m. During this time, a kinematic model estimates the position of the glider. Four acoustic Seagliders were deployed in the Philippine Sea November 2010 -April 2011, and received transmissions from five broadband acoustic tomography sources moored in the region. Over 2000 acoustic receptions were recorded at ranges up to 700 km from the moored sources. Measured acoustic arrival peaks were unambiguously associated with ray arrivals predicted using the model-estimated glider position at the time of reception and a mean sound-speed profile. Estimates of source-receiver range uncertainty were calculated from statistics of travel-time offsets between the measured arrivals and the eigenray dispersion patterns. The uncertainty in range between the source and the modeled glider position during a dive is estimated to be 639 m (426 ms) rms disregarding the effects of ocean sound-speed variability, which are anticipated to be on the order of 70 ms rms. The range uncertainty is attributed primarily to advection of the glider by unobserved ocean currents.
THE PHILIPPINE SEA 10 EXPERIMENT
Four Seagliders, each equipped with an Acoustic Recorder System (ARS), were deployed from November 2010 -April 2011 in the Philippine Sea. The gliders recorded transmissions from six acoustic tomography sources moored in the region as they transited between the mooring sites. The gliders acquired a position from GPS at the surface immediately prior to and immediately following each dive, but were typically underwater for 6.4 hours at a time, traveling an average 3.6 km during a dive. A glider kinematic model estimated the position of the gliders during a dive (Eriksen, 2001) . Receptions from the moored sources were used to estimate range offsets from the glider positions predicted by the glider kinematic model. The sources transmitted sequentially at 540-second intervals beginning with T1. Each transmission was a 135-second linear frequency modulated (LFM) sweep centered at approximately 250 Hz. The sources transmitted 8 times per day on odd-numbered yeardays. The ARS on each Seaglider collected data from a single hydrophone at a sampling rate of 4kHz for 3200 seconds beginning at the nominal transmit time for the T1 source. The gliders recorded over 2000 acoustic transmissions at ranges of up to 700 km and depths up to 1000 m with respect to the moored sources (Table 1) .
GLIDER RANGE UNCERTAINTY ESTIMATION
Because the Seagliders are in continuous motion, the depth and the range at which the gliders recorded the source signals differed from reception to reception. Acoustic ray time front predications were calculated for the estimated glider position at the time of each acoustic reception using an average sound-speed profile derived from temperature and salinity measurements collected by the gliders. Eigenrays were identified in the time front pattern at the depth of the glider at the time of reception, which was inferred from a pressure sensor. Individual peaks in the acoustic arrival pattern measured by the glider were matched to the identified eigenrays, adjusting for gross travel-time offsets between the measured and predicted peak dispersion patterns (Fig. 2 ). These gross offsets were determined visually by shifting the pattern of eigenray arrivals, retaining the inter-ray travel-time separation between eigenrays, to best match the dispersion pattern of peaks in the received acoustic data.
The number of identified eigenrays depends both on the range between the source and the glider and the glider sampling depth. This number varied from very few, or even no identifiable eigenrays in receptions that were very shallow and/or at very short range, to over twenty identifiable eigenrays (Fig. 2 , left and right, respectively). Deeper receptions captured more branches of the acoustic time front, resulting in a richer dispersion pattern of arrivals. The wide variety of glider acoustic receptions sampled time front branches with acoustic ray identification numbers of just 1 to over 30. (The sign of the ray identifier indicates a positive or negative launch angle at the source and the total number of ray turning points.) The offsets in travel time were attributed to errors in range between the source and the projected glider position at the time of reception. Because the sources were navigated to within a few meters, the errors in range were attributed to the less well-known glider position. A compilation of the gross offsets in the arrival pattern for all of the acoustic glider receptions indicated that the uncertainty did not increase as a function of range from the source, which would be expected if the offsets were due merely to a change in sound speed along a ray path. The range offsets between the source and the predicted glider position do show a trend with respect to time from the nearest GPS fix, with smaller offsets for receptions near the beginning and end of the dive. These offsets increase from 400 m at 15 min from a GPS fix to approximately 1.1 km at 200 min, a typical mid-point of a dive. The range offsets are normally distributed with a mean of -18 m and a standard deviation of 639 m.
In a separate study off the coast of Oahu, a glider was acoustically tracked by a long baseline system of transponders fixed to the seafloor. The tracked positions during two deep dives were compared with the positions predicted by the glider's kinematic model. The position offsets were found to be of the same order as the offsets described here for the Philippine Sea data.
IMPLICATIONS
The uncertainty in the glider's position is attributed primarily to advection of the glider by unobserved ocean currents such as barotropic and baroclinic tides with small time and space scales relative to a dive. These currents are unobserved by the simple attitude and buoyancy measurements that are input into the kinematic model as well as by the single "depth averaged" current measurement obtained from the difference between the predicted and actual glider positions at the conclusion of a dive. This motion is observed, however, by the measured acoustic travel time offsets described here, and could be used to better estimate glider position as a function of time.
Here we take the first steps in using transmissions from broadband acoustic tomography sources to position underwater gliders by quantifying the error in estimated glider positions from glider recordings of these broadband source transmissions. In traditional moored ocean acoustic tomography, the positions of the sources and receivers are precisely navigated and well known; the ability to precisely position gliders while they are underwater would resolve the fundamental ambiguity between position and sound speed, making the gliders viable acoustic tomographic receivers. These mobile receivers would increase the resolution of the tomography array, providing data at many different positions with respect to the moored tomography system. Narrowband RAFOS signals have been used to position Lagrangian floats (Rossby et al., 1986) and to navigate gliders under ice in the Arctic with travel-time residuals on the order of 2-3 s, which result in positioning uncertainties of a few kilometers (Lee et al., 2010; Sagen et al., 2010) . It has been found that exploiting travel-time data from multiple drifting receivers results in improvement of both the sound-speed estimation and localization accuracy (Skarsoulis and Piperakis, 2009 ). These results were found despite the fact that the narrowband RAFOS signals offer limited time resolution. The broadband source receptions recorded by the gliders in the Philippine Sea reveal rich dispersion patterns of well-resolved and identifiable arrivals. These signals offer significantly higher travel-time resolution than RAFOS signals, potentially resulting in more precise receiver positioning as well as sound-speed estimation.
